The seismic ground motion of the greater Accra Metropolitan Area has been modelled for land use planning and disaster mitigation. The deterministic computation, a hybrid method based on the modal summation and finite difference method was used. Using these techniques, the seismic ground motion along four profiles located in the metropolis has been computed. The 1939 earthquake of magnitude 6.5 (M L ) was used as the scenario earthquake. Synthetic seismic waveforms from which parameters for engineering design such as peak ground acceleration, velocity and spectral amplifications have been produced along the geological cross sections. The peak ground acceleration and velocity computed for the metropolis ranges from 0.14 g to 0.57 g and 9.2 cms -1 to 37.1 cms -1 , respectively. These correspond to intensity ranging from VII to IX on the Modified Mercalli Intensity scale. Areas in the metropolis underlain by unconsolidated sediments experience the largest shakings. The results illustrated represent a useful guide for civil engineers in the design of buildings in the metropolis for safe and sustainable development.
Introduction
Many human lives and properties have been lost as a result of earthquakes that struck places such as Algeria (1980) , Armenia (1988 ), San Francisco (1989 1906) , Iran (1990; , Egypt and India (1993), Los Angeles (1994) , Japan (1995) , Taiwan and Turkey (1999) , India, El Salvador, Peru, the Philippines (2001 ), Indonesia (2004 2005) , Pakistan and India (2005) and China 2008. Accra, the capital of Ghana is far from the major earthquake zones of the world. However, it is seismically active and prone to earthquake disaster. Records of damaging earthquakes in Ghana date as far back as 1615. The most destructive earthquake occurred in Ghana in 1939. The magnitude of the earthquake was 6.5 on the Richter scale. Seventeen people were killed, 133 persons were injured and an estimated one million pounds worth of damage was done to buildings ( Junner, 1941) .
The capital city, densely populated and with a high concentration of industries, and its environs have been struck by damaging earthquakes in the past and many earth tremors from time to time. The local events currently recorded are quite big. Events of magnitude more than 4.0 on the Richter scale have been recorded (Amponsah, 2002; Akoto and Anum, 1992) . The latest earth tremors recorded (Magnitudes 3.8 to 4.8) in the country in 1997 and 2003 were strongly felt in the capital city. This sequence of earthquakes makes Accra very unsafe for its inhabitants. Buildings in the metropolis are generally not designed to withstand earthquake shocks (Ayetey and Andoh, 1988) ; therefore, very small magnitude earthquakes can cause substantial damage to buildings. The hazard that these events are likely to pose can be mitigated by inputting some safety measures such as retrofitting of existing buildings and applying the appropriate parameters for structural design.
Devastating earthquakes will continue to occur, if nothing is done to mitigate their impact in the prone areas, the cost on human life and property would be unbearable. The high seismic risk in the Greater Accra Metropolitan Area and the lack of strong ground motion instrumental recording data make it plausible to use earthquake scenarios and seismic ground motion simulations to define the seismic input that must be borne by the city. The damages on buildings and structures in built up areas largely depend on the ground motion characteristics such as the amplitude, frequency distribution, duration of the motion and the resonance period of the structures/buildings.
Ideally, the seismic ground motion parameters in a given area can be determined using strong ground motion records (Moldoveanu et al., 2004; Ding et al., 2004; Romanelli and Vaccari, 1999; Vaccari et al., 2001; Joshi and Midorikawa, 2004; Radulian et al., 2002; Panza et al., 1999) . The accelerograms with similar source, path and site conditions can be grouped and analysed, but unfortunately such a database is not available in Ghana. In the absence of such a data base, what can be done is to use theoretical methods and computer codes for the simulation of the expected ground motion and related scenarios (Vaccari et al., 2005; Moldoveanu et al., 2004; Parvez et al., 2004; Slavov et al., 2004; Kouteva et al., 2003; Panza et al., 2002; Radulian et al., 2002; Parvez et al., 2002; Romannelli et al.,2003; El-Sayed et al., 2000; Olsen, 2000; Aoudia et al., 1999; El-Sayed et al., 2001; Panza et al., 1999; Graves, 1998; Zuccolo et al., 2008) .
The parameters of the synthetic seismograms computed, can be used in the absence of instrumentally recorded strong ground motion data for a preventive assessment of the seismic hazard of the metropolis. Figure 1 is the location map of the Greater Accra Metropolitan Area. In this study, the neo-deterministic method (e.g. Panza et al., 2001; Panza et al. (Editors), 2000) has been used to evaluate the seismic ground motion of the Greater Accra Metropolitan Area. This will determine how a particular source, path properties and site conditions control the seismic hazard.
The study area
The study area is located in the Greater Accra Metropolitan Area in southeastern Ghana between latitudes 5°28'N and 5°44'N and longitudes 0°25'W and 0°5'W ( Figure 1 ). Rocks in the study area are the Accraian, Togo and Dahomeyan Formations. These formations are overlain by unconsolidated and poorly consolidated sediments and soils of Quaternary/Tertiary age. They include lateritic soil, gravels, clay, fluvial or lacustrine sediments.
The Accraian Formation consists of sandstones and shales which have been variously folded and faulted (McCallien, 1962) . In Accra, rocks of the Accraian Formation underlie most of the central capital district area up to the fringes of the Airport to the east. The Formation is flanked by rocks of the Dahomeyan System to the east and northeast (Muff and Effa, 2006) . To the west and northwest of the Accraian Formation, rocks of the Togo Formation mainly of quartzites, quartz-schists and Phyllites/Phyllonite occur ( Figure 2) .
The dominant structural characteristics of these rocks are the northeast-southwest shear zones (Banoeng, 2000; Muff and Effa, 2006) . The depth and products of weathering vary in all these rocks. This variation plays a major role in the determination of seismic risks in these areas.
Recent micro -earthquakes have been located along the two major fault systems in the country, namely, the coastal boundary fault and the Akwapim fault zone (Figure 3 ). The Akwapim Fault Zone marks the southeastern boundary of the West African Craton and represents a Pan African thrust (Blundell, 1976) . Fault plane solutions and geological observations along the Akwapim Fault Zone suggest a strike-slip movement in response to a regional east-south-east trending tensional stress (Bacon and Quaah, 1981) . The coastal boundary fault defines the contact between Jurassic and Tertiary sedimentary units and is believed to have developed during the Jurassic and continued to be active during Cretaceous and Tertiary times. It trends east west with a throw of several thousand meters to the south (Blundell and Banson, 1975) . The faults in the metropolis are generally normal faults with some component of right lateral strike-slip movement (Quaah, 1980) . These are clear indication of a neotectonic movement along the fault systems.
Method
The input data for the ground motion simulation are the average regional structural (1D) model (bedrock model), parameters of the laterally heterogeneous local (2D) model and the earthquake source.
Regional structural model (bedrock model)
The crustal structure of Accra has not been studied extensively. However, the work done by Akpati (1975) and Attoh et al. (2004) give information on the structure of Accra up to a depth of about 4.0 km. Information (Dziewonski and Anderson, 1981) . The quality factor for the S-waves has been obtained from the general relation Qp = 2.2 Qs (e.g. Stein and Wysession, 2003) since in Ghana such measurements for its rocks are not available. The layered structure used for the computation is shown in Table 1 . where: Vp -Primary wave velocity Vs -Secondary wave velocity Qp -Quality factor for P-wave Qs -Quality factor for S-wave Data obtained from seismic refraction survey and borehole investigations in the study area have been used for the compilation of the mechanical properties of the geological cross sections (Amedofu, 2005; Amoako et al., 2005; Amedofu et al., 2004a; Amedofu et al., 2004b) shown in Figures 4 to 7 were used in the computation. Cross section A-A'' was published by Muff et al. (2006) .
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Earthquake source
The 1939 earthquake is used as the source of the scenario earthquake for computing the synthetic seismograms for all the profiles (Figure 2 ). The focal mechanism of the 1939 earthquake is normal faulting with some component of right -lateral strike movement. The magnitude of the event is 6.5 (M L ) and its maximum intensity is IX. The epicentral location is 5. (Quaah, 1980) .
Computation of the synthetic seismograms
The computation of synthetic seismograms along the geological cross-sections A-A'', B-B', C-C' and D-D' (Figures 4 to 7) is done using the hybrid method according to the technique described by Faeh (1992) ; Faeh et al. (1993) , Faeh and Panza (1994) and Panza et al. (2001) .
The hybrid technique comprises of the modal summation and the finite difference methods. The modal summation technique (Panza, 1985; Panza and Suhadolc, 1989; Panza et al., 2001 ) is first applied to simulate the wave propagation from the source to the beginning of the 10.0 km long and 200 m deep geological cross sections (bedrock model). The synthetic waveforms computed along the bedrock model are numerically propagated into the 2D laterally heterogeneous local model by the finite difference method for the computation of the seismograms.
The grid points established for the finite difference computation is 2800 by 600 along the X and Z axis respectively. A grid spacing of 0.005 km is used for the simulation. The signals are computed with a cut-off frequency of 10.0 Hz. The waveforms are scaled to the desired magnitude in the frequency domain using the scaling law of Gusev (1983) as reported by Aki (1987) .
Results and discussion
Synthetic seismograms transverse (SH) and radial and vertical components (P-SV) have been computed along the profiles. To determine what damages is to be expected in the metropolis, the estimated peak ground acceleration and velocity obtained are compared with the Modified Mercalli Intensity (MMI) scale of the United States of America (Bolt, 2004) and also with the conversion table by Panza et al. (2001) for the Mercalli, Cancani, Sieberg (MCS) scale (Cancani,1904) .
The peak ground acceleration estimated in the study ranges from 0.14 g to 0.57 g. This corresponds to intensity ranging from VII to IX on the MMI scale (Bolt, 2004) and IX to XI on the MCS scale ). The peak ground velocity estimated in the study ranges from 9.2 cms -1 to 37.1 cms intensity ranging from IX to XI on the MCS scale ) and VII to VIII on the MMI scale (Bolt, 2004) . Peak ground acceleration ranging from 0.20 g to 0.34 g is computed on the vertical(ver) component, while the peak ground velocity on the vertical component ranges from 11.9 cms -1 to 22.0 cms -1 and is equivalent to MMI intensity of about VII to VIII (Bolt, 2004) . The conversion scale by Panza et al. (2001) give an MCS intensity ranging from IX to X. The maximum spectral amplification on the vertical component ranges from 4 to 6 in the frequency range from 2.0 Hz to 5.0 Hz and at an epicentral distance in the range from 15.0 km to 25.5 km from the source. Areas underlain by unconsolidated sediments experience the largest amplifications. On the radial (rad) component the maximum amplification is four in a frequency band ranging from 2.0 Hz to 5.0 Hz at a distance from 16.5 km to 25.5 km from the source.
Intensity levels as high as XI (MCS) and VIII (MMI) (Bolt, 2004) have been estimated. Should an earthquake of such intensity strike Ghana again there would be great destruction and massive loss of human life. The high peak ground acceleration estimated are located in areas underlain by unconsolidated and poorly consolidated sediments with poor mechanical properties such as colluvium, continental and marine deposits (Figure 2) . Buildings in the metropolis in such formations should be designed to withstand these high ground acceleration. Some of the models and seismograms computed are shown in Figures 8, 9 and 10. The response spectra ratio (RSR), the ratio between the response spectrum of the synthetic seismogram computed along the 2D local model to that along the same profile where the regional 1D model replaces the local model were also estimated. The response spectra ratio for profile A-A'' is shown in Figure 11 . The PGA values computed for the Greater Accra Metropolitan Area can be compared with those estimated for Debrecen in Hungary up to 0.54 g (Gribovszki and Vaccari, 2004) and for different areas in the Egyptian territory (El-Sayed et al., 1999; 2004) up to 1.92 g. Predicting the pattern of ground motion of scenario earthquakes in urban areas and identifying locations which are vulnerable would help in reducing the potential of earthquake damage in such heavily populated area. The ground motion parameters obtained is useful for urban planning, retrofitting of the built environment, for earthquake preparedness and risk reduction. Civil Engineers can use the parameters as seismic input for the design of structures. This is a prerequisite to curtail the negative impact of any strong earthquake on structures in the metropolis.
Conclusion
In the absence of instrumental strong ground motion data in Ghana, the seismic ground motion of the Greater Accra Metropolitan Area has been modelled using a hybrid method. Geological, seismological and geotechnical data have been used to simulate the ground motion of the metropolis which now makes it possible to define realistic seismic engineering parameters for the already built area. The parameters obtained from the seismograms allow us to estimate the seismic hazard of the Greater Accra Metropolitan Area; the most hazardous areas are places underlain by unconsolidated geological formations with poor mechanical properties. High PGA values have been estimated for such areas; therefore buildings in these areas should be designed to resist such high ground accelerations.
